Objectives. This study assessed the effect of aging on 3 attentional control functions (ACFs)-shifting, inhibition, and updating-and on their contribution to working memory (WM) tasks. Methods. Complex WM tasks (the Brown-Peterson procedure, the reading span, and the alpha span) and tasks used to derive composite measures of the ACFs were administered to 75 younger and 75 older adults. Results. Of the 3 ACFs, only inhibition was impaired in aging after controlling for processing speed. Furthermore, the effect of aging on WM tasks was not pervasive, as older adults showed impaired performance on the Brown-Peterson procedure and the reading span but not on the alpha span. When examining the contribution of ACFs to WM in older adults, updating accounted for performance on the Brown-Peterson and reading span tasks, and inhibition was involved in performance on the alpha span task. In younger adults, it was processing speed that contributed the most to WM. Discussion. This pattern of results suggests that complex WM tasks reflect different ACFs and that this varies as a function of age.
A growing number of authors argue that working memory (WM) is not a unitary construct but rather comprises a few dissociable basic controlled processes (e.g., Engle & Kane, 2004; Miyake et al., 2000) . In an effort to characterize those processes, Miyake and collaborators (2000) proposed that the central executive component of WM comprises three relatively independent attentional control functions (ACFs): shifting, inhibition, and updating. Shifting is the capacity to alternate between different tasks or between different elements within a task (Monsell, 1996) . Inhibition is the ability to refrain from producing a prepotent or automatic response (Logan, 1994) . Updating involves modifying the contents of WM by encoding new relevant information and by suppressing information that was previously held in WM but that is no longer relevant (De Beni & Palladino, 2004 ). Miyake and colleagues found those three functions to be moderately correlated in young adults, an association that might reflect the ability to maintain goal-relevant and other taskrelevant information activated in WM (Engle, 2002; Engle, Kane, & Tuholski, 1999) . However, these functions were also separable, and a three-factor model provided the best fit to their data in confirmatory factor analyses.
Studies have then examined whether the structure of attentional control found by Miyake and colleagues (2000) for younger adults also applies to older adults. Many studies with healthy older adults observed a structure very similar to that of Miyake and colleagues, identifying separable shifting, inhibition, and updating factors (De Frias, Dixon, & Strauss, 2009; Fisk & Sharp, 2004; Vaughan & Giovanello, 2010) . Note that three studies did not replicate Miyake and colleagues' structure. For instance, Hull, Martin, Beier, Lane, and Hamilton (2008) identified shifting and updating as two separable factors, but inhibition was not identified as a third component. Two other studies showed that shifting and updating can be accounted for by a single factor (Adrover-Roig, Sese, Barcelo, & Palmer, 2012; Hedden & Yoon, 2006) . However, those three studies used rather complex tasks as measures of the ACFs, which may have resulted in more shared variance because of the more general executive demands of the tasks. In summary, it appears that attentional control can be accounted for by the same general structure in older adults as in younger ones. It is, however, important to point out that such qualitative similarities in the structure of attentional control do not necessarily mean quantitative similarities between younger and older adults.
It is not clear from the literature whether normal aging has a differential effect on those ACFs, and thus, two crucial questions are the extent to which these are affected by the normal aging process and whether they are affected to the same degree. A large number of studies have found age-related impairments in inhibition (e.g., Biss, Campbell, & Hasher, 2013) . In meta-analyses of the literature, however, Verhaeghen (2011) and Verhaeghen and Zhang (2013) reported that, in spite of impaired performance on most inhibition or interference tasks, the effect is not greater than the one found in baseline control tasks. Part of the inconsistencies could arise from the fact that normal aging has a differential impact on the different types of inhibitory processes. For instance, unintentional inhibitory processes might be preserved in normal aging (Rouleau & Belleville, 1996; Wnuczko, Pratt, Hasher, & Walker, 2012) , whereas there might be an age-related impairment in voluntary inhibitory processes (Collette, Germain, Hogge, & Van der Linden, 2009 ). In spite of this controversy, some theoretical views propose inhibition as a key factor of cognitive aging (e.g., Hasher & Zacks, 1988) . However, whether inhibition is indeed the main attentional control impairment in aging remains uncertain. Although some studies report no age effect on shifting (e.g., Lawo & Koch, 2012) , it has been proposed that shifting is selectively impaired by aging. Whereas global shift cost is greater in older adults than in younger adults, local shift cost was found not to be sensitive to aging (Wasylyshyn, Verhaeghen, & Sliwinski, 2011) . Results on updating are less consistent; some authors have shown lower updating capacities in older adults than in younger adults (e.g., Van der Linden, Bredart, & Beerten, 1994) , whereas others have not (e.g., Verhaeghen & Basak, 2005) . Thus, even though normal aging does not seem to alter the overall organization of the ACFs of WM (shifting, inhibition, and updating), it appears to have a different impact on the efficacy of those processes, with some being impaired and others showing relative resistance to the age effect. However, the abovementioned studies have important limitations. First, the absence of significant age-related impairments in some of those studies may have resulted from the lack of statistical power inherent to small sample sizes. Second, results from some studies might be attributed to their focus on one single measure of an ACF, thereby neglecting the contribution of non-executive processes to performance. Third, very few of these studies have controlled for the effects of short-term storage capacity or of generalized slowing, in spite of the fact that it has been shown to account for a significant proportion of the age-related differences in WM (Salthouse, 1992 (Salthouse, , 1996 .
Moreover, evidence suggests that those ACFs vary in their contribution to complex cognitive tasks. For instance, Miyake and colleagues (2000) found that the operation span, a complex WM task, only relies on updating, contrary to performance on the Wisconsin Card Sorting Test, which was found to depend on shifting, and performance on the Tower of Hanoi, which depended on inhibition. McCabe, Roediger, McDaniel, Balota, and Hambrick (2010) have reported a strong correlation between executive functions and WM capacity, both measured globally with composite scores. However, the relationship between WM and separable executive functions, such as the ACFs identified here, remains unexplored so far. The Brown-Peterson procedure, the reading span, and the alpha span are typical WM tasks, in that they all require participants to maintain a small amount of information for a short time while performing some other cognitive activity. However, each also has some distinct characteristics, which suggests that they may not all rely on the same basic cognitive functions.
Additionally, the impact of age on the ability to perform those complex WM tasks might differ. Age-related impairment was reported quite consistently on the reading span task (Bopp and Verhaeghen, 2005) , a classical measure of WM in which participants are asked to memorize the last word of a series of sentences while judging their semantic plausibility. In contrast, age was found to have a rather small impact (Lamar, Zonderman, & Resnick, 2002) or no impact (Belleville, Rouleau, & Caza, 1998 ) on the alpha span task, which requires participants to recall a series of words in alphabetical order rather than in the order of presentation (Craik, 1986) . For the Brown-Peterson procedure, in which one is required to maintain a small number of items in their memory while executing an interfering task, reduced performance in older adults has been reported (e.g., Floden, Stuss, & Craik, 2000; Inman & Parkinson, 1983) , although some studies found no age-related impairment (Belleville, Peretz, & Malenfant, 1996; Bherer, Belleville, & Peretz, 2001 ). The differences in age sensitivity might be due to the fact that those three tasks vary in the finely tuned ACFs that they involve. It is therefore important to determine which function or set of functions contributes to performance on those tasks. For instance, WM tasks that rely on the most impaired functions, such as inhibition, might be most affected by aging. Alternatively, it is possible that WM tasks are completed in a flexible way and that older adults compensate by relying on a non-impaired function, if the one that is typically recruited by the task is impaired.
Interestingly, there are indications that different age groups vary in terms of the ACFs they use to perform complex tasks. Indeed, whereas younger adults rely on inhibition when performing the Tower of Hanoi, and on shifting when performing the Wisconsin Card Sorting Task (Miyake et al., 2000) , older adults rely on updating to perform both tasks (Hull et al., 2008) . Perhaps older adults rely more on updating because this ACF takes over to perform the tasks more efficiently, as updating appears to be better preserved in aging than inhibition and shifting. Taken together, results from the studies by Hull and colleagues and of Miyake and colleagues suggest that the performance of older and younger adults on clinical executive tasks is subtended by different ACFs, the former relying more than the latter on updating abilities. Therefore, an important aim of the present study was to examine in a single design whether the ACFs that contribute to WM are the same for younger and older adults. Findings that older adults rely more on a less impaired process than younger ones might reflect a compensation attempt. Many models have proposed that older adults compensate for impaired processes or impaired brain regions by recruiting alternative brain regions or cognitive processes (Cabeza, 2002; Reuter-Lorenz and Cappell, 2008) . Models of compensation point to the observation that different cognitive processes or strategies may be used in order to perform complex tasks (Noppeney, Friston, & Price, 2004) . Compensation can occur when the optimal process is no longer available following neural changes or brain insult. This is possible due to the substitutional nature of cognitive processes (Reuchlin, 1978 (Reuchlin, , 1999 , as similar behavioral output can be produced by recruiting different neural networks (Edelman & Gally, 2001) . As the aging brain undergoes structural and functional changes, alternative networks might take over to perform a task that relies on impaired regions or processes, allowing the brain to compensate for cognitive decline. Complex tasks typically rely on a range of processes, though some are more critical than others for successful completion. Compensation can occur by modifying the balance among those processes or through the recruitment of new processes. Of course, new processes will be useful in as much as the task is amenable to them. Thus, predicting the new processes that might be recruited or the change in balance between processes already involved in the task implicates analyzing the coherence between expected compensatory processes and the requirements of the task.
In sum, the purposes of the present study were threefold. The first objective was to evaluate the effect of normal aging on three key ACFs (shifting, inhibition, and updating) while controlling for generalized slowing. Based on what is known in the literature, we expected the impact of aging on inhibition to be particularly significant.
The second objective was to assess the impact of normal aging on WM, as measured by three complex WM tasks: the Brown-Peterson procedure, the reading span task, and the alpha span task. Based on previous studies investigating the effect of aging on these tasks, aging was expected to have a greater effect on performance on the reading span and Brown-Peterson procedure than on the alpha span.
The third objective was to investigate which ACFs contribute to performance on complex WM tasks and whether older adults rely on the same ACFs as younger adults to perform those tasks. As was shown for executive tasks, we expected that different WM tasks would involve different ACFs. We also expected that the predictors for a given task would be different for older and younger adults. As no such study has been done before, the literature lacks information on the precise predictors involved in each task when performed by younger and older adults. Analyzing the demands of each WM task can enable us to make more precise predictions. The Brown-Peterson procedure involves storing a small set of letters while performing a series of simple arithmetic calculations over a short delay. This task requires activation of arithmetic knowledge from long-term memory, with a relatively low storage requirement, as only three consonants are presented. In addition, because many successive arithmetic problems occur during each delay, the task requires that the content of the short-term memory buffer be updated to allow completion of the subsequent problem. We therefore expect updating to be one of the processes involved in this task, in addition to short-term storage capacities. In the reading span, task participants are asked to read and judge the semantic plausibility of a series of sentences while simultaneously storing the last word of each sentence. Thus, the task relies heavily on short-term storage as well as activation/retrieval of semantic information from long-term memory to support semantic plausibility judgments. Because it involves processing a series of "semantic problems," updating might facilitate the accurate processing of the successive sentences. Finally, the alpha span task requires recalling series of words in alphabetical order rather than in their order of presentation. Doing so involves modifying the format of the input, extracting the alphabetical order from long-term memory, and scanning that order while holding the words in WM. Completion of this task therefore involves inhibiting the spontaneous tendency to recall words in serial order, and to some extent, shifting between alphabetical scanning and word retrieval. Moreover, although this task requires short-term storage, its contribution to interindividual differences should be limited here as sequence length is adapted to individual span capacities. Finally, because all of these tasks involve online retention and processing, it was expected that, in addition to the ACFs, processing speed would contribute highly to performance on the three tasks. A compensation view allowed two major predictions to be made regarding the involvement of ACFs in older adults' WM. First, impaired ACFs would contribute less to performance than unimpaired ones. Given that inhibition and processing speed were expected to be more impaired, they would be less contributive to performance. We also expected the performance of older adults to be particularly influenced by their updating abilities when the task is amenable to such a process.
Unlike previous studies, which have generally focused on one WM task or ACF, this study was innovative in that the same groups of older and younger adults were compared across all three ACFs and various WM tasks. Therefore, if age differences were found in performance on the WM tasks or in the ACFs that contribute to those tasks, they could not possibly be attributed to differences in the characteristics of the samples across different studies. Furthermore, processing speed is an important factor in age-related cognitive decline (Salthouse, 1996) and in WM (Fry & Hale, 1996; Salthouse, 1996) . It is thus surprising that previous studies did not control for processing speed in the examination of age-related differences in the ACFs or include speed as a potential contributor to performance in their models. We also controlled for basic storage capacities. Because we are investigating the contribution of ACFs to WM, it is conceivable that individual differences in span size be associated with interindividual differences in WM performance. Finally, this was the first study to relate WM tasks and ACFs in an attempt to better account for their mechanisms in different age groups.
Method

Participants
The study included 150 participants (75 younger adults and 75 healthy older adults), recruited from the local community. The following conditions resulted in exclusion from the study: uncorrected vision or hearing deficit, presence or history of alcoholism or drug addiction, severe psychiatric disorder, significant cerebrovascular disorder, neurological disorder, concussion or traumatic brain injury, systemic disease known to impair cognition, general anesthesia in the last 6 months, and impairment of hand motility. The Mini-Mental State Examination (Folstein, Folstein, & McHugh, 1975) was administered to elderly participants as a screening tool for dementia or mild cognitive impairment. We also administered a test of verbal memory (RL/RI-16; Van der Linden et al., 2004) , the similarities subtest of the Wechsler Adult Intelligence Scale (WAIS-III; Wechsler, 1997) , the Charlson Comorbidity Scale (Charlson, Pompei, Ales, & MacKenzie, 1987) , and the Beck Depression Inventory (Beck, Steer, Ball, & Ranieri, 1996) for young adults or the Geriatric Depression Scale (Yesavage et al., 1982) for older adults. Table 1 provides a detailed description of the sample. Written informed consent was obtained from all participants.
Materials
Complex WM tasks
In Adapted Brown-Peterson task , participants held three consonants in WM while performing a simple addition task (add 1 to random numbers) during a short delay (0, 10, 20, or 30 s, in a prerandomized order). Consonants and numbers were presented orally. Participants responded orally to the additions task. An auditory signal instructed them to recall the consonants by writing them down in the order of presentation.
In the Reading span (De Ribaupierre & Ludwig, 2003) , which is a computerized task, participants read series of semantically correct or anomalous sentences. They made a yes/no semantic plausibility judgment following each sentence and recalled the last word of each sentence at the end of the series. Series varied in length from two to five sentences, and there were four blocks for each series length. Participants responded orally for the word recall and by pressing on the computer keyboard for the plausibility judgment.
In the Alpha span (Belleville et al., 1998) , participants recalled 10 series of words in the order of presentation and 10 series of words in alphabetical order. The number of words to be recalled in each series corresponded to the participant's word span, as measured just prior to the task. The series of words were read aloud by the examiner, and participants gave their response orally.
Attentional control measures Shifting
In Plus-minus task, which is an adapted paper-and-pencil task (Jersild, 1927; Spector & Biederman, 1976) , participants were asked to add, subtract, or alternate between addition and subtraction from two-digit numbers. The total time to complete each condition was recorded, and a global shift cost was calculated by subtracting the mean time to complete the two non-shift conditions from the time to complete the shifting condition.
In Number-letter task, which is an adapted task (Rogers & Monsell, 1995) , participants were asked to alternate their response set to a series of number-letter pairs (e.g., 6B), presented in one of four quadrants on the computer screen. When the pair was presented in one of the top two quadrants, participants indicated whether the number was odd or even. When the pair was presented in one of the bottom quadrants, they indicated whether the letter was a vowel or a consonant. A global shift cost was computed by subtracting the mean reaction time (RT) for two non-shift conditions from the mean RT for the shifting trials in a shifting condition.
Left-right shifting was the left-right condition of the task described by Belleville, Bherer, Lepage, Chertkow, and Gauthier (2008) . Two digits were presented to participants, who identified either the digit presented to the left (block 1) or to the right (block 2). In the shifting block, they alternated between identifying the digit on the right side and the digit on the left side, as indicated by a visual cue presented every five to nine trials. The dependent variable was a global shift cost, computed by subtracting the mean RT for the nonshift blocks from the mean RT for trials requiring a shift.
Inhibition
In Antisaccade task, adapted from Roberts, Hager, and Heron's task (1994), a visual cue was first presented on either the left or the right side of the screen, immediately followed by the target arrow, which always appeared on the side opposite to the cue. Participants indicated the direction in which the arrow had pointed. The dependent variable was the proportion of correct responses.
In Modified version of the Stroop task, adapted version of the Stroop paradigm (Stroop, 1935) , participants are asked to name the color of printed words or items. It comprised control trials (asterisks), incongruent trials (color words printed in a different colored ink), and congruent trials (color words printed in their color). All conditions were presented randomly in a single block of trials. Participants responded orally using an RT-recording microphone. Inhibition cost (the mean RT for incongruent trials minus the mean RT for control trials divided by the mean RT for control trials) was used as the dependent variable.
Updating
Keep-track task, adapted version of Yntema's (1963) task, included a series of visually presented words that belonged to one of four semantic categories. Participants were instructed to pay attention to the semantic category of each word and to report at the end of the series the last word they had seen that belonged to each of the semantic categories. There were six series of 12 randomly presented words, each series containing three exemplars from four of the six semantic categories. The dependent variable was the proportion of correct responses.
In Tone-monitoring task, which is a computerized adaptation of the Larson, Merritt, and Williams' task (1988) and the Miyake and colleagues' (2000) task, a series of tones with either a high, medium, or low pitch were presented randomly. Participants were instructed to keep track of the number of tones presented for each pitch level and to press on the appropriate key on the computer keyboard when they had heard three tones for any given pitch level. The dependent variable was the proportion of correct responses.
In Letter updating task, series of consonants were presented visually, and participants were asked to orally recall the last consonants of the series. The number of consonants to be recalled corresponded to the participant's consonant span (evaluated prior to the task) minus one item. Series of four different lengths (participant's span minus one, plus one, three, or five items) were presented in random order. The dependent variable was the proportion of correct responses.
Processing speed tasks
In Choice RT, which is a computerized task (Bherer & Belleville, 2004) , participants had to indicate as fast as possible whether a black circle was presented on the left or right side of the screen by pressing the appropriate button on a response box. The dependent variable was the mean RT for correct responses.
In Digit comparison, pairs of digits were visually presented on a computer screen, and participants indicated as fast as possible whether the two digits were identical or different. There were 30 trials, half of which were identical. The mean RT for correct responses was used as the dependent variable. Notes. MMSE = Mini-Mental State Examination; MoCA = Montreal Cognitive Assessment; n/a = not applicable. One elderly participant was excluded on the basis of her MMSE score, which was below 24, the cutoff for this test (Folstein et al., 1975) . The sample used for the analyses thus comprised 75 younger adults and 74 older adults. Groups did not differ on the clinical dimensions and on their level of education, t(147) = −1.91, non-significant (ns).
Procedure
Participants were tested individually over two sessions of approximately 2 hr each. There was an interval of about one week between the two testing sessions. Exceptionally, a few participants had to come for a third testing session when it had not been possible for them to complete all tasks within the first two sessions. The order of presentation of the different tasks and conditions was the same for all participants, so as to allow for interindividual comparisons. The order in which tasks were administered was first pseudorandomized so that no tasks measuring the same construct followed each other. The order of experimental tests for the first session was as follows: left-right shifting, choice RT, antisaccade, tone monitoring, modified version of the Stroop task, alpha span, and adapted Brown-Peterson task. The order of tests for the second session was as follows: number-letter, keep-track, digit comparison, plus-minus, letter updating, and reading span. The following tasks were presented using E-Prime (Schneider, Eschman, & Zuccolotto, 2002) : reading span, number-letter task, antisaccade, modified version of the Stroop, keep-track, tone monitoring, letter updating, and digit comparison. PsyScope (Cohen, MacWhinney, Flatt, & Provost, 1993) was used for the left-right shifting task and the choice RT task.
Statistical Analyses
Reaction time and proportion of correct responses were used as dependent variables. RTs were then log-transformed after trials that were more than 3 SDs away from an individual's mean RT were discarded. Arcsine transformations were applied to proportion variables in order to reduce ceiling and floor effects (Judd, McClelland, & Ryan, 2009 ). The directionality was inverted for some of the variables so that higher values always indicated better performance. As preliminary analyses, the effect of aging on each of the tasks that were used to measure the ACFs and speed was examined using independent samples t-tests, with a two-tailed alpha level corrected with Bonferroni adjustment (0.05/10 = 0.005 alpha level).
To examine the effect of aging on the three ACFs and the contribution of processing speed, we computed a composite score for each construct, based on the mean z-score on the tasks measuring that construct. The impact of aging on the processing speed composite score was assessed using an independent samples t-test with a two-tailed alpha level. A multivariate analysis of covariance (MANCOVA) was then conducted to assess the impact of aging on the three attentional control composite scores after controlling for processing speed, with a twotailed alpha level corrected with Bonferroni adjustment (0.05/3 = 0.017 alpha level). To examine the impact of aging on the complex WM tasks, mixed analyses of variance (ANOVAs) were used, with group as a between-subject factor and the condition specific to each task (e.g., delay, number of sentences, or recall condition) as a within-subject factor. Finally, to determine which ACF or set of functions contributed to performance on complex WM tasks, backward multiple regression analyses were used separately for each complex task. Attentional control composite scores and processing speed composite scores were used as predictors. Dummy variables were then created to describe the group (0 = young adults and 1 = older adults) and the interactions between group and each basic process. These interaction variables were also used as predictors to test whether the relationships between the ACFs and the complex WM tasks differed as a function of age group.
Results
Preliminary Data Analyses
The distributions for each dependent variable revealed only three outliers: one participant for the plus-minus task, one for the left-right shifting task, and one for the Stroop task. Those three data points were replaced by the value that corresponded to 3 SDs away from the mean in the direction of the deviation. This procedure aids in normalizing the data while still preserving information about the direction in which the extreme score "pulled" the mean (Field, 2005 ). Skewness and kurtosis were then examined for each dependent variable. All distributions were considered normal (Kline, 1998) . No multivariate outliers were found based on the Mahalanobis distance calculation. Table 2 shows the mean scores on the individual tasks used to create composite scores. Table 3 provides skewness and kurtosis values for each composite score, as well as the mean values for each group. Distributions were normal, and no extreme outlier was found. Results of the t-test showed faster processing speed in younger than older adults, t(147) = 14.619, p < .001, d = 2.39.
Effect of Age on ACFs and Speed
The MANCOVA indicated that, after controlling for processing speed, the group variable had a significant impact on the combined dependent variables (shifting, inhibition, and updating composites scores), Wilk's Λ = .90, F(3,140) = 5.268, p < .001, η 2 = .10, and explained 10% of the variance. Given the significance of the overall test, the univariate main effects were examined. There was a significant group difference for inhibition, F(1,142) = 12.283, p < .01, η 2 = .08, but the group difference was not statistically significant for shifting, F(1,142) = 0.225, non-significant (ns), nor for updating, F(1,142) = 3.292, ns. Figure 1 illustrates the performances of younger and older adults on the three complex WM tasks. For the adapted Brown-Peterson task, the Group × Delay ANOVA indicated a main effect of the delay, F(3,435) = 22.338, p < .001, η 2 = .13, and a main Group effect, F(1,145) = 23.402, p < .001, η 2 = .14. A significant Delay × Group interaction was also found, F(3,435) = 3.027, p < .05, η 2 = .02. Simple effects indicated that both older and younger adults were affected by the delay (older adults, F(3,435) = 20.12, p < .001; younger adults, F(3,435) = 5.14, p < .01). Pairwise comparisons with Bonferroni adjustment indicated that the group difference was significant for all delays: 0 s (F(1,145) Figure 1a and F values suggests that the interaction is due to older adults having a larger delay effect than younger ones, particularly between the 0-s delay and the 10-s delay conditions. For the reading span task, the ANOVA indicated a main effect of the number of sentences, F(3,432) = 345.237, p < .001, η 2 = .71, and a main group effect, F(1,144) = 24.898, p < .001, η 2 = .15. The Number of Sentences × Group interaction was significant, F(3,432) = 6.792, p < .001, η 2 = .04. Simple effects indicated that both older and younger adults were affected by the number of sentences: older adults, F(3,432) = 215.68, p < .001; younger adults, F(3,432) = 134.11, p < .001. Furthermore, pairwise comparisons with Bonferroni adjustment indicated that the group difference was significant for all conditions, but that the effect size increased with number of sentences: F(1,144) = 7.667, p < .01, η 2 = .05, for two sentences; F(1,144) = 13.453, p < .001, η 2 = .09, for three sentences; F(1,144) = 17.107, p < .001, η 2 = .11, for four sentences; and F(1,144) = 25.180, p < .001, η 2 = .15, for five sentences. Thus, the interaction is likely due to the fact that older adults were more affected by the increasing number of sentences than were the younger adults.
Effect of Age on Complex WM Tasks
For the alpha span task, the Group × Recall condition ANOVA indicated a main effect of recall condition, F(1,142) = 197.433, p < .001, η 2 = .58, direct recall being better than alphabetical recall. Neither the main group effect, F(1,142) = 1.246, ns, nor the Group × Recall condition interaction, F(1,142) = 0.814, ns, reached statistical significance.
Contribution of the Attentional Control and Processing Speed Composite Scores to Performance on Complex WM Tasks
Adapted Brown-Peterson procedure Table 4 presents the standardized regression coefficients of the variables included in the final regression model for the three complex WM tasks. For the Brown-Peterson task, the dependent variable was the total number of consonants correctly recalled. Updating and processing speed significantly explained performance on this task, F(2,140) = 22.420, p < .001, adjusted R 2 = .23. This combination of predictors accounted for 23% of the variance. Updating was the most significant predictor, followed by processing speed. An 1-unit increase in the updating score was associated with recalling 1.4 more consonants (t = 3.303, p < .01), and an increase of 1 unit in processing speed led to recalling 1.1 more consonants (t = 3.467, p < .01). This model applied regardless of age, as there was no significant interaction with age. Of note is the fact that there was a near-ceiling effect on the Brown-Peterson task, but additional analyses showed that this had no significant impact on the regression analyses. In fact, the dependent variable was transformed into a dichotomous variable (Bmax), where 1 represented the maximum score (36 points) and 0 all other values. Then, the same regression analysis was performed, this time only for the individuals with Bmax scores equal to 0 (i.e., individuals with scores less than the maximum). The results were similar to the original regression analysis (R 2 = .227 instead of .245; β updating = .27 instead of .28; β speed = .28 instead of .29).
Reading span
The dependent variable was the proportion of words correctly recalled. The final model, which accounted for 24% of the variance, indicated that processing speed was the most significant predictor, followed by the interaction between updating and group, F(2,139) = 23.792, p < .001, adjusted R 2 = .24. Thus, for both age groups, an increase of 1 unit in processing speed score was associated with recalling 5.4 more words (t = 4.929, p < .001). Moreover, a 1-unit increase in the updating score led to recalling 5.2 more words but only for older adults (t = 2.528, p < .05).
Alpha span
The dependent variable was the proportion of words correctly recalled in both the direct recall and the alphabetical recall conditions. The model, which accounted for 5% of the variance, indicated that the interaction between inhibition and group was the most significant predictor, followed by processing speed and the interaction between processing speed and group, F(3,136) = 3.414, p < .05, adjusted R 2 = .05. Examination of the regression coefficients indicated that, although the inhibition score had no impact on younger adults' performance on this task, for older adults, a 1-unit increase in the inhibition score led to recalling 7.2 more words (t = 2.157, p < .05). There was an age-related difference in the contribution of processing speed to performance: in younger adults, a 1-unit increase in processing speed score was associated with recalling 8.2 more words (t = 1.859, p < .10), whereas in older adults, it was associated with recalling 2.9 less words (t = −1.678, p < .10).
Contribution of span size to WM performance
The regression analyses described previously were conducted with ACFs and speed as potential predictors. We then performed further regression analyses, entering span size as a second step, to explore whether it was a better predictor than the variables included in each of the three final regression models.
For the Brown-Peterson task, adding span size did result in a significant increase in explained variance, R 2 change = .04, F(1,140) = 7.163, p < .01; however, the other two contributors to performance (updating and speed) remained significant predictors. For the reading span task, adding span size also resulted in more explained variance, R 2 change = .11, F(1,138) = 24.457, p < .001. Although this addition did not change the significant contribution of speed to performance, it caused the contribution of updating to older adults' performance to become marginally significant. Finally, for the alpha span task, including span size in the regression model also increased the percentage of explained variance, R 2 change = .08, F(1,138) = 7.163, p < .001, but the other contributors to performance (speed, the interaction between speed and group, and the interaction between inhibition and group) all remained significant predictors.
Discussion
Effect of Age on the ACFs and WM Tasks
A main objective was to examine the impact of aging on the ACFs (shifting, inhibition, and updating) that underlie WM. Only inhibition was impaired in normal aging after controlling for processing speed. This is consistent with prevalent models suggesting that inhibition is one of the main cognitive functions affected by age (Hasher & Zacks, 1988) .
Similarly, not all performances on complex WM tasks showed impairment in normal aging when assessed in a single sample of older and younger adults. Older adults performed more poorly on both the Brown-Peterson and the reading span tasks, which confirms results obtained by a number of other studies (e.g., Floden et al., 2000; Inman & Parkinson, 1983; Meguro et al., 2000) . They were nonetheless unimpaired on the alpha span task, which is coherent with previous studies (Belleville et al., 1998; Belleville, Rouleau, Van der Linden, & Collette, 2003) . Thus, our results converge with most of the literature. However, the strength of the present study is that different tasks were assessed in a single sample of both younger and older participants. Contrary to previous reports, most of which have only examined one task, the present study allowed a direct comparison of the effects of age across tasks, showing that the WM impairment in aging is not pervasive. One might argue that differences found here in the age-related patterns of impairment may reflect differences in task difficulty. This is unlikely, however. When examining the distributions of individuals in both age groups showing high scores (response accuracy of 95% and higher), we found a relatively equal number of high scores on the alpha span and reading span tasks. This indicates that the alpha span task was no more difficult than the reading span task. Furthermore, the Brown-Peterson task produced a somewhat larger number of high scores than the alpha span task. This suggests that the unimpaired performance on the alpha span relative to the two other tasks is not a mere result of this task being less difficult.
Contribution of the ACFs to Performance on Complex WM Tasks and Theoretical Implications
One important objective was to determine which cognitive function or functions underlie WM and whether these differ as a function of age. There were marked age-related differences in the contribution of ACFs to performance on complex WM tasks. Although updating contributed to performance on the Brown-Peterson in both older and younger adults, it contributed to performance on the reading span only in older adults. Moreover, inhibition contributed to performance on the alpha span only in older adults. Processing speed and storage capacity (as measured by word span) also contributed to performance on all three WM tasks, but the contribution of storage was greater for the reading span than for the other two tasks.
One critical finding is the age-related increased reliance on updating when performing complex tasks. Of the three WM tasks used in the present study, two involved updating in older adults, whereas only one involved updating in younger adults. This increased reliance on updating is also observed with performance on executive tasks: updating contributes to older adults' performance (Hull et al., 2008) , but it does not contribute to younger adults' performance on the same tasks (Miyake et al., 2000) . It thus appears that older adults rely on updating for both executive and WM tasks, whereas it is used on only some WM tasks by younger adults. This might reflect compensatory processes: because updating is relatively unimpaired with age, this ACF might take over when the other functions involved in a task (such as processing speed) can no longer contribute in an optimal fashion. This idea is coherent with compensatory views of neurocognitive aging. The frontal lobe-typically associated with WM-deteriorates early and at a rather fast pace in aging (Raz, 2000) . It is also the most versatile brain region (Park & Reuter-Lorenz, 2009) , where many of the alternative circuits are developed. The differential patterns of contribution to WM that we observed between older and younger adults could support the current view that alternative networks are created in aging (Park & Reuter-Lorenz, 2009 ). These results can be understood in the context of Reuchlin's theory (1978 Reuchlin's theory ( , 1999 , which states that several different mechanisms (or strategies) can be used to perform cognitive tasks. This might be particularly true for complex tasks as these rely on a range of cognitive processes (Noppeney et al., 2004) . Compensation can occur by modifying the balance among them, particularly when a process that was central to the task is no longer available or becomes suboptimal. Processes that were already marginally involved in the task can then take over, and new processes can also be recruited. At the cerebral level, this view is in line with the degeneracy model (Edelman & Gally, 2001) , which holds that the same behavioral output can be produced by different neural networks. Alternative networks can therefore take over to perform the same task or subtask when the brain has undergone changes, as is the case with aging. This is also coherent with the finding that older adults, even those showing some degree of cognitive impairment, are capable of learning new strategies in the attentional (e.g., Gagnon & Belleville, 2011) or memory domains (Belleville et al., 2006; Willis et al., 2006) and that results in recruitment of new alternative brain networks . In the present study, updating processes appeared to be favored by older adults. As updating is relatively unimpaired in aging, we propose that this reflects an attempt to compensate for the deterioration of other processes. Compensation can be successful and result in no apparent deficits at the behavioral level. In other cases, compensation may not suffice to completely cancel the behavioral impact of the brain changes, and deficits would remain apparent in spite of attempted compensation. This seems to be the case here, at least for the reading span task. Miyake and Friedman (2012) recently proposed a revision to their original model, which might account for some of our findings, in particular those regarding inhibition. According to this revision, a common executive factor would explain part of the variance in updating and shifting, but the whole variance in inhibition. Our results regarding the age-related decline in ACFs suggest that perhaps this common executive factor is impaired in normal aging, because inhibition was the only impaired process when controlling for processing speed. Besides, the relatively modest contribution of inhibition to WM might appear as a surprising finding, considering that many models have identified inhibition as a central component of WM (e.g., Christensen, 2001; Mitrushina, Uchiyama, & Satz, 1995; Unsworth, 2010) . Inhibition indeed only contributed to older adults' performance on the alpha span task. This might appear surprising because although it is the most impaired ACF in aging, alpha span is the only WM task for which no age differences were found. However, it should be acknowledged that only 5% of the variance on the alpha span task was explained by the predictors in the regression model. This indicates that other cognitive processes contribute to performance on this task. Yet, these processes appear to be preserved in aging. One such process might be the activation of long-term memory representations, such as knowledge of alphabetical order, which was proposed by Baddeley as a function performed by the central executive component of WM (Baddeley, 1996) . Word representation and alphabetical knowledge are known to be relatively well preserved in normal aging due to lifelong experience and might have helped participants retrieve alphabetical order. The contribution of those preserved processes, along with the fact that the task might not be amenable to updating, might explain why older adults did not rely on updating as a compensatory process. Of note is the fact that shifting did not contribute to performance on the WM tasks used in the present study, which may be due to the common variance shared by the three ACFs. This interpretation may be in line with previous work that suggests that in healthy older adults, shifting and updating might be best treated as a single factor (AdroverRoig et al., 2012; Hedden & Yoon, 2006) .
Another critical finding is that in both younger and older adults, processing speed contributed to performance on all WM tasks. In younger adults, speed was the only significant predictor of performance on the reading span and the alpha span. This is in line with numerous studies (e.g., Borella, Ghisletta, & de Ribaupierre, 2011; Fry & Hale, 1996; Salthouse, 1996) indicating that speed plays a major role in explaining individual differences in WM performance. Because WM tasks involve a series of steps, the products of each of these steps have to be maintained while performing a subsequent step, which would be particularly detrimental to individuals who process information slowly. Therefore, it is probable that, had processing speed been controlled for in our analyses, the age-related differences in WM performance would have been smaller. That being said, the older adults' performance on all three WM tasks was explained by their attentional control abilities (updating or inhibition), in addition to processing speed, whereas this was not the case in younger adults, for whom processing speed was a major contributor. As predicted, perhaps older adults' greater reliance on ACFs reflects an attempt to compensate for the impact of slowing on WM. Alternatively, because older adults' attentional resources are more limited than those of younger adults (e.g., Craik & Byrd, 1982) , it is conceivable that they have a greater need for effective management of attentional resources, using their ACFs.
Methodological and Clinical Implications
The findings that emerge from the present study can have far-reaching implications in clinical practice or when designing experimental studies on cognitive aging. First, they show that a WM task administered to younger adults and elderly people does not involve the same basic functions. This finding is important to consider with studies comparing the performance on different age groups on complex tasks, as we might not be comparing the same cognitive processes. Second, care should be taken when selecting a test or a set of tests to evaluate the integrity of WM, as WM could be described as impaired or preserved depending on the test chosen. This study provides important information regarding the combination of tests that should be selected. Ideally, clinicians should favor the use of tests that reflect different ACFs to cover the range of possible impairment. As a final conclusion, one might be tempted to suggest that age differences in cognition are better understood at the level of ACFs and that directly measuring ACFs might be preferable over measuring performance on complex WM tasks. However, it is important to point out that ACFs only account for a certain proportion of WM performance and thus our understanding of complex WM tasks is still developing. Still, our results suggest that this is a worthy enterprise and that this might eventually be the case.
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